
























































































































































































































































lengths than liquid cylinders, but the stabilizing role of axial stretching has not
been studied in detail up to date.
It was Rayleigh (1878) who developed the mathematical theory which accounts
for the growth of capilary disturbances, identifying the most unstable frequency
responsible for the break-up of a liquid cylinder into drops, and since then the
stability of a variety of jet conﬁgurations has been investigated resorting to
diﬀerent approaches. An excelent review of the knowledge of the physics of
liquid jets is covered by Eggers & Vilermaux (2008).
Figure 1.1:Capilary instability of a liquid jet. Water forced from a 4 mm tube is
perturbed at various frequencies by a loudspeaker. The wavelength is 42, 12.5 and 4.6
diameters, the latter being nearly Rayleigh’s value for maximum growth rate. The
top two photographs show secondary swelings between the primary crests. Rutland
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A sketch of the experimental facility is shown in Figure 2.4. It was originaly
designed and built for the present study. To minimize external disturbances
such as vibrations and air currents, the injection system is placed on a leveled
vibration isolation table, inside a PMMA chamber. Inside the chamber, a pole
gives support to the injector, guaranteeing the verticality of the tube while
alowing regulation of the height at which it is placed. A Harvard Apparatus
PHD Ultra Syringe Pump (A) alows the selection of the ﬂow rate and impulses
the ﬂuid through a 4mm Legris tube. The silicone oil exits the injector (B) and
accelerates under gavity, resulting in a stretched jet which breaks up downtream.
A high-speed camera (C) acquires images of the break-up region at 1000 Hz,
which are recorded using a computer (D). The images are later analized with a
MATLABR script in order to obtain the temporal evolution of the intact length






























































































































































































































































































rate remain the same but a smaler injector is used, as in the case of a jet with
ν= 50cSt,Di=2mm andQ=0.17ml/s displayed on Figure 2.12, we only
appreciate a slight increment on the pinching length toLb=0.11m. However,
the qualitative behavior presents signiﬁcative changes when the viscosity is in-
creased. In particular, Figure 2.13 for a jet withν= 200cSt,Di=6.5mm and
Q=0.17ml/s shows that the break-up length duplicates with respect to the
reference case toLb=0.19m, while bulges are connected by very thin threads,
a fact which is wel documented in the existing literature (Eggers & Vilermaux,
2008). In this case, it is observed that pinching takes place when these threads










Figure 2.10:Temporal evolution of the lengthL(t)of a jet withν=50 cSt,Di=6.5
mm andQ=0.17 ml/s. Dots indicate selected consecutive pinching events which are
displayed on the right. The scale bar on the photographs is 1 cm long.
The measurements of the break-up lengthLbare presented in Figures 2.14 and
2.15 as a function of the ﬂow rate,Q. The plotted value ofLbis given for
each jet by the most observed value and the associated standard deviation. It
is important to emphasize that these error bars do not correspond to measur-
ing errors or dispersion between diﬀerent realizations under the same nominal
conditions, but refer to the intrinsec ﬂuctuations already discussed for Figure
51
2. Natural break-up








Figure 2.11:Temporal evolution of the lengthL(t)of a jet withν=50 cSt,Di=6.5
mm andQ=0.9 ml/s. Dots indicate selected consecutive pinching events which are
displayed on the right. The scale bar on the photographs is 1 cm long.








Figure 2.12:Temporal evolution of the lengthL(t)of a jet withν=50 cSt,Di=2
mm andQ=0.17 ml/s. Dots indicate selected consecutive pinching events which are
displayed on the right. The scale bar on the photographs is 1 cm long.
2.8(a). Since the data were acquired for several realizations of the same condi-












Figure 2.13:Temporal evolution of the lengthL(t)of a jet withν=200 cSt,Di=6.5
mm andQ=0.17 ml/s. Dots indicate selected consecutive pinching events which are
displayed on the right. The scale bar on the photographs is 1 cm long.
Figure 2.14 shows the dependence of the pinching length with the ﬂow rate and
injector diameter, for two diﬀerent working liquids. For a ﬁxed injector and
liquid, the break-up length increases withQas expected, with a mildly faster
increase close to the critical value ofQassociated with the jetting-dripping
transition. When the ﬂuid rate is kept constant, the use of larger injectors re-
sults in a slight decrease of the break-up length, at a position where, according
to numerical calculations, al unperturbed jets would present very similar local
radi. The eﬀect of varying the working ﬂuid is clearly appreciated in Figure
2.15. Increasing the viscosity raises the break-up length, with a substantial
diﬀerence betweenν= 100andν= 200cSt. Measurements for an injector
ofDi=2mm, shown in Figure 2.15(a) are consistent with the observations
reported by Javadiet al.(2013).
It is essential to interpret these results taking into account the fact that the
relative amplitude of the perturbed speed at the tube ≡u1(0)/u0(0)is not
the same in al these experiments. Higher viscosities are likely to damp noise
53
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with the velocity extracted from tracking the bulges advected by the jet. Figure
2.17 ilustrates the use of this technique for a single time step, where for a jet
withν= 50cSt,Di=6.5mm andQ=0.2ml/s the most observed perturba-
tions presentωb= 900rad/s, in agreement with measurements obtained from
the signal analysis ofh(t)explained before. It should be mentioned that the
measurement ofωbfrom the wavelength is not always as robust as performing
the signal analysis of radius ﬂuctuations. Indeed, swelings appear between the
crests of primary disturbances, a nonlinear eﬀect which was experimentaly ob-
served for the ﬁrst time by Rutland & Jameson (1971), and it is diﬃcult to
develop an image analysis routine that is able to distinguish both phenomena
to properly measure the value ofλ.









Figure 2.17: Estimation of the frequency of the most ampliﬁed disturbances for
the natural break-up of a jet withν= 50cSt,Di=6.5mm andQ=0.2ml/s. Top:
experiment where the wavelengthλis measured. Bottom: numericaly calculated
mean axial speedu0(z). The calculatedωb= 900rad/s.
2.4.2 Results of the global frequency response analysis
A novel global frequency response analysis (GFRA) was implemented to exam-
ine the growth of disturbances of diﬀerent frequencies on stretched jets. After
validating this methodology with local stability theory, we wil present a para-
metric study of the spatial evolution of perturbations, that alows the prediction








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3.1:Sketch of the forced break-up experimental facility.
and their main properties are listed in Tables 3.1 and 3.2. To compute head
losses, it should be stated that the coupling of the injectors to the pressure-
measuring chamber is 12 mm long and presents an inner diameterDa=2mm.
ν[mm2s−1] ρ[kg m−3] σ[mN m−1]
50 960 20.8
100 965 20.9















































































































3.2. Experimental and numerical techniques
has also been implemented in the work of Furlani & Hanchak (2010).
3.2.2.1 Nonlinear Analysis
In our model, the axial velocity ﬁeld,u(z, t), and the radius of the jet,h(z, t), are
described equations (1.9)-(1.11). These equations were discretized and solved
resorting to the method of lines, which consists of transfroming the PDEs into a
system of ODEs (Schiesser, 1991; Furlani & Hanchak, 2010), where the spatial
derivatives are written as ﬁnite diﬀerences.
Figure 3.2:Staggered computational grid, including the virtual nodeu¯0.
The diﬀerential equations governing the ﬂow can be conveniently solved using a
uniform grid in computational space. We deﬁne a staggered computational grid
along the jet, whereuandhare evaluated on diﬀerent sets of nodes,ξ: [0,1]
andξ¯: [∆ξ,1−∆ξ]respectively. As displayed on Figure 3.2,his calculated at
Nnodes, whileuis evaluated atN−1nodes which are displaced by an amount
∆ξ/2from the former. To impose the speed at the injector, the value¯u0is set
at an additional virtual node.
Note that in this section we use the subindexes in the discretized ﬂow ﬁeld,hi
andu¯i, to indicate the corresponding grid node. In contrast, in the previous
chapter, we used subindexes to distinguish the steady base ﬂow and perturba-
tions.
The meniscus zone of the jet requires higher grid resolution ir order to capture
the eﬀects of the strong stretching on the evolution of disturbances. Therefore,




































































Figure 3.3: ξnodes distribution on a jet where harmonic stimulation ofω= 200
rad/s and =0.35is applied (a), attained settingβ=1.5. The domain length is
Ld= 33R, and the number of nodes isN= 1150. Insets (b) and (c) display in detail
the node distribution of upstream and downstream regions inside the red boxes in (a),
which are one radius in length.
where overbars are used for magnitudes evaluated at theξ¯nodes. The curvature




























These equations are non-dimensionalized with the inner radius of the injector


























































































Figure 3.4:Response of the reference jet. Temporal evolution of the jet lengthL(t)
and photographs showing consecutive pinchings marked with dots, for a stimulating
frequencyω= 200rad/s and diﬀerent perturbation amplitudes, (a) =0.14, (b)
=0.31, and (c) =0.71. The scale bar on each set of photographs is 1 cm long.
94
3.3. Results
Lb, a behavior which was seldom observed. The latter occurs when a ligament
detaches at the neck formed just downstream of a swel, folowed later by the
pinching of the bulge, as displayed in Figure 3.5. As a result, satelites and
main drops are alternately produced, and the break-up frequency is twice the
stimulation one.
In contrast with the behavior explained in the previous paragraph, when the
stimulation frequency is below 200 rad/s, the jet undergoes a sudden decrease
of the pinching length, and if is further increased, a dripping regime is es-
tablished. The possibility of inducing dripping for frequencies above 100 rad/s
could not bee explored, since our forcing system limits the maximum values of
that can be attained.








Figure 3.5: Response of a jet withν= 50cSt issuing from a tube withDi=6.5
mm at Q=0.2ml/s. Temporal evolution of the jet length L(t)and photographs
showing consecutive bimodal pinchings marked with dots, for =0.35andω= 400
rad/s. The scale bar on the set of photographs is 1 cm long.
To assess the sensitivity of the jet to the stimulating frequency, it is useful to
consider ﬁrst a case with a large forcing amplitude of disturbances, =0.5, for
which the eﬀects of stimulation can be more easily observed. In the particular
case withω= 600rad/s, the behavior of the jet resembles that observed in
a natural break-up. Indeed, as deduced from Figure 3.6(a), the jet exhibits
95
3. Forced break-up




























Figure 3.6:Response of the reference jet. Temporal evolution of the jet lengthL(t)
and photographs showing consecutive pinchings marked with dots, for an amplitude
of disturbances =0.5and diﬀerent stimulation frequencies, (a)ω= 600rad/s, (b)












































































































































































































































































































Figure 3.11:Oscilatory dripping of a jet withν= 50cSt,Di=4mm andQ=0.2
ml/s. Temporal evolution of the jet lengthL(t)and photographs showing consecutive
pinchings marked with dots, for a stimulating frequencyω= 100rad/s and diﬀerent
perturbation amplitudes, (a) =0.42, (b) =0.59, and (c) =0.85. The scale bar
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